Abstract-This letter presents new microfabricated point symmetric meander-line (ML) slots inserted on the ground plane to reduce mutual coupling between narrowly spaced patches in a 2 × 1 patch array antenna for a WLAN application (4.94-4.99 GHz). The distance between the patches is 2 mm (edge-to-edge space: 0.06 λ g ), and the ML slot unit cell has a dimension of 1.37 × 9.62 mm 2 . The resonant frequency mismatch between S11 and S22 caused by the asymmetric structure of a single-ML slot has been mitigated by placing two ML slots in a complementary point symmetric fashion. The ML slots on the ground plane have been fabricated using photolithography and electrodeposition, where the smallest dimension is 160 µm. The fabricated antenna shows a maximum isolation improvement of 34.3 dB and no resonant frequency shift between S11 and S22.
I. INTRODUCTION
A N ARRAY antenna offers various advantages such as high gain and beamforming ability, which can be utilized for many wireless communication applications including controlled radiation pattern antenna for electromagnetic (EM) interference immunity and military radar applications [1] . However, with the growing needs for compact array antennas, the footprint of the array antenna becomes smaller and consequently the performance of the array antennas, such as radiation pattern and antenna gain, is significantly degraded by strong mutual coupling and crosstalks between neighboring antenna elements. Several methods for the characterization of the mutual coupling of the compact array antennas have been reported [2] , [3] . Also, in order to decrease mutual coupling such as crosstalks, it is recommended that the distance between the neighboring antenna elements has to be greater than 0.5 λ [4] .
Meanwhile, different types of decoupling structures such as an electromagnetic bandgap (EBG) [5] and a ground defected structure [6] , [7] have been proposed, which are inserted be- tween antenna elements to achieve the reduction of mutual coupling. In [5] , a mushroom-type EBG structure has been inserted between 2 × 1 patches, showing a good isolation improvement of 10 dB. However, the vias connecting the top patch and the ground plane in the mushroom-type structure add fabrication complexity. In [6] and [7] , isolation improvements of 7 and 40 dB have been achieved, respectively. However, these structures show a large resonant frequency mismatch between S11 and S22 of 100 and 50 MHz, degrading antenna radiation patterns and efficiency.
In this letter, a pair of micromachined meander-line (ML) slots in a complementary point symmetric fashion is inserted on the ground plane between narrowly spaced two patches to suppress mutual coupling without any resonant frequency mismatch between S11 and S22. The ML slots are analyzed using R, L, and C equivalent circuits, and 2 × 1 patch array antennas with/without the ML slots are designed, fabricated, and characterized. Isolation, matching, and radiation patterns of the fabricated array antennas are compared.
II. ANTENNA DESIGN Fig. 1 shows the configuration of the 2 × 1 patch array antenna with a pair of ML slots. The antenna has been designed on a printed circuit board (Rogers 4350B, Rogers Co.) with a dielectric constant of 3.48 and a loss tangent of 0.0037. The total size of the 2 × 1 patch array antenna is 70 mm (w 1 ) × 50 mm (l 1 ), and the thickness of the array antenna is 1.52 mm. The width w 2 and length l 2 of each patch are 15.1 mm and 15.1 mm, respectively. The center-to-center distance between two patches is 17.1 mm (0.25 λ 0 ), and the edge-to-edge distance d is 2 mm (0.06 λ g ).
In order to minimize strong EM mutual coupling between the two neighboring patches, a pair of ML slots with a total dimension of 1.37 mm (w 3 ) × 9.62 mm (l 3 ) have been inserted on the bottom ground plane in the 2 mm space between the patches. One of the two ML slots has been flipped to form a mirror image of the other and aligned each other to fit in the space, by which any resonant frequency shift between S11 and S22 associated with asymmetry of a single-ML slot is mitigated. Full wave structure simulation has been performed by using a high frequency structure simulator (HFSS, ANSYS Inc.).
III. ML SLOT DESIGN
The ML slot unit cell has been designed to behave as a bandstop filter and suppress surface currents, providing good isolation between the patches at a targeted frequency. The simulated 1536-1225 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. return loss (S11) and insertion loss (S21) have been plotted in Fig. 2 . An insertion loss of 25 dB with a length l 3 of 9.2 mm has been obtained at 4.97 GHz. It is observed that as the length l 3 increases, the resonant frequency decreases, showing that the total length of the ML slot affects the resonant frequency. The overall size (w 3 × l 3 ) of the ML structure can be reduced if the number of turns is increased. The equivalent circuit of the designed ML slot is modeled as shown in Fig. 3(a) , and the lumped element L and C values have been extracted using the following equations: with an assumption of lossless case [8] , where ω c is the 3-dB cutoff angular frequency, ω 0 the angular resonance frequency, and Z 0 the characteristic impedance of the microstrip line. The calculated values are: L = 0.611 nH and C = 1.691 pF, and two 50-Ω ports are connected on each side of the circuit. The simulated S-parameters of the circuit using an advanced design system (ADS, Keysight Technologies Inc.) and the ML slot using HFSS are compared in Fig. 3(b) . The simulated S21 of the equivalent circuit in Fig. 3(b) shows the peak at 4.96 GHz, which matches well with the one simulated using HFSS. Fig. 4 shows the simulated S11, S22, and S21 of the 2 × 1 patch array antenna with/without one ML slot unit cell. An insertion loss (S21) of 32.8 dB has been achieved at 4.97 GHz as the ML slot works as a bandstop filter between the two patches. However, S11 and S22 of the array antenna without the ML slots shows −33.1 and −32.9 dB at 4.99 GHz, whereas S11 and S22 of −0.7 and −32 dB have been observed after inserting the one ML slot. It can be concluded that the 25.1-dB (7.7-32.8 dB) improvement of the insertion loss (S21) has been achieved because the return loss of the port 1 has been degraded from 33.1 to 0.7 dB due to the asymmetric shape of the ML slot. Such unwanted resonant frequency shift/mismatch between S11 and S22 has been minimized by placing two ML slots in a point symmetric fashion, as shown in Fig. 1 .
IV. FABRICATIONS
Microfabrication has been carried out for the ML slot on the bottom ground plane as the trace width of the ML slots is 210 μm and the smallest available milling bit in our University lab is 200 μm. Fig. 5 depicts the microfabrication process of the Fig. 9 . Measured S11, S22, and S21 of the fabricated 2 × 1 patch array antenna with/without the ML slot. designed 2 × 1 patch array antenna with a pair of ML slots. The two patch antennas on the front side have been patterned using a milling machine with a printed circuit board (Rogers 4350B, Rogers Inc.), and all the copper on the bottom side has been removed for microfabrication first (A). A titanium (Ti)/copper (Cu)/titanium (Ti) seed layer of 30 nm/300 nm/30 nm is deposited on the bottom side using a sputtering system (B). A negative-tone photoresist NR9-8000P (Futurrex Inc.) is spincoated on the seed layer, and soft baking is performed on a hot plate at 120°C for 10 min. A photomask is placed on the top of the sample, and ultraviolet (UV) light (wavelength: 365 nm) is exposed, followed by post-exposure baking on a hot plate at 80°C for 5 min. Developer RD6 (Futurrex Inc.) is used to remove the unexposed photoresist area (C). The top protection Ti layer is etched using diluted hydrofluoric acid (D). 3-μm copper is electroplated (E). The photoresist is removed, and the Ti/Cu/Ti layer is etched away sequentially (F). Fig. 6 shows photographs of the microfabricated ML slots: (a) the patterned negative photoresist after UV lithography, and (b) the copper pattern after electroplating. Fig. 7 shows photographs of the fabricated 2 × 1 patch array antennas with and without the ML slots. Fig. 7(a) and (b) shows, respectively, the top and bottom view of the milling machine fabricated 2 × 1 patch array antenna without the ML slots, and Fig. 7(c) and (d) shows, respectively, the top and bottom view of the microfabricated 2 × 1 patch array antenna with the ML slots. Fig. 8 shows the current distribution of the 2 × 1 patch array antenna without/with the ML slots where port 1 is excited and port 2 is terminated with 50 Ω. In Fig. 8(a) , high concentration of the surface currents appears on the port 2 patch, which is due to strong mutual coupling between two patches. On the other hand, less current concentration has been observed on the port 2 patch in Fig. 8(b) as the ML slots on the ground plane prevent the surface currents from propagating from the port 1 to port 2 patch. The measured S11, S22, and S21 of the antennas with/without the ML slots have been compared in Fig. 9 . S21 without the ML slots has shown an insertion loss of 7.7 dB at 4.99 GHz, while S21 with the ML slots is 42 dB, resulting in an isolation improvement of 34.3 dB. An overall improvement of 11 dB (minimum)-34.3 dB (maximum) has been observed in 4.94-4.99 GHz. In addition, no resonant frequency shift between S11 and S22 has been observed because of the complementary responses of the two point symmetric ML slots on the ground plane. Fig. 10 represents the xz/yz-plane radiation patterns of the antenna with/without ML slots. The extracted parameters such as the peak gain, the antenna efficiency, and 3-dB bandwidth (BW) have been summarized in Table I . The antenna gain and efficiency of the antenna with the ML slots have been a bit degraded, which is attributed to the ML slots inserted on the ground plane, increasing backward radiation. The back-radiation leakage could be reduced by using planar soft surfaces [11] for the improved gain and efficiency of the array antenna. Also, 3-dB BWs of the antennas without/with the ML slots are 60.6°(−3.6°t o 57°) and 111°(−59°to 52°) on yz/yz-plane, respectively, concluding that the distorted radiation patterns due to high mutual coupling between two antenna elements have been improved from 60.6°to 111°(50.4°improvement) by inserting the ML slots for decoupling purpose.
The characteristics of the fabricated antenna with the ML slots are compared to those of other state-of-the-art antennas regarding mutual coupling reduction, as shown in Table II . Isolation structure in [7] shows an isolation improvement of 40 dB with a distance (edge-to-edge) of 0.08 λ g , while it shows a resonant frequency mismatch of 50 MHz between S11 and S22, resulting in the degradation of radiation patterns in the center frequency. The fabricated antenna here shows an isolation improvement of up to 34.3 dB with a distance (edgeto-edge) of 0.06 λ g and no resonant frequency shift between S11 and S22.
VI. CONCLUSION
Two point symmetric ML slots placed in the ground plane have been demonstrated for mutual coupling reduction without any resonant frequency shift between S11 and S22 in the 2 × 1 patch array antenna. As the ML width is small, the microfabrication processes have been used. The fabricated 2 × 1 array patch antenna reports one of the smallest gaps with a distance (edge-to-edge) of 0.06 λ g , a great isolation improvement of 11-34.3 dB within 4.94-4.99 GHz range, and no resonant frequency difference between S11 and S22.
